A change of mitochondrial membrane permeability is essential for apoptosis, leading to translocation of apoptogenic cytochrome c and apoptosis-inducing factor into the cytoplasm. We recently showed that the Bcl-2 family of proteins regulate cytochrome c release and the mitochondrial membrane potential (⌬) by directly modulating the activity of the voltage-dependent anion channel (VDAC) through binding. Here we investigated the biochemical role of the conserved N-terminal homology domain (BH4) of Bcl-xL, which has been shown to be essential for inhibition of apoptosis, with respect to the regulation of mitochondrial membrane permeability and found that BH4 was required for Bcl-x L to prevent cytochrome c release and ⌬ loss. A study using VDAC liposomes revealed that Bcl-x L, but not Bcl-xL lacking the BH4 domain, inhibited VDAC activity. Furthermore, BH4 oligopeptides of Bcl-2 and Bcl-x L, but not mutant peptides, were able to inhibit both VDAC activity on liposomes even in the presence of Bax and apoptotic ⌬ loss in isolated mitochondria. It was also shown that the BH4 domain, fused to the protein transduction domain of HIV TAT protein (TAT-BH4), efficiently prevented apoptotic cell death. These results indicate that the BH4 of Bcl-2͞Bcl-xL is essential and sufficient for inhibiting VDAC activity, which in turn prevents apoptotic mitochondrial changes, and for preventing apoptotic cell death. Finally, the data suggest that the TAT-BH4 peptide is potentially useful as a therapeutic agent for diseases caused by accelerated apoptosis.
I
n apoptotic signal transduction, the mitochondria play an essential role by releasing apoptogenic factors such as cytochrome c and apoptosis-inducing factor (1) (2) (3) . Once in the cytoplasm, cytochrome c binds to Apaf-1, thus recruiting and activating one of the major apical caspases, caspase-9 (4, 5) . Apoptosis-inducing factor is released during mitochondrial membrane potential (⌬) loss and induces apoptotic changes of the nucleus in a caspase-independent manner (6) . Two mechanisms have been suggested for the antiapoptotic activity of Bcl-2 and Bcl-x L proteins. One is the sequestration of Apaf-1 (7, 8) and the other is the prevention of the release of cytochrome c and ⌬ loss (9) (10) (11) (12) . The former possibility, however, has been questioned recently, on the basis of failure to detect stable interaction between Apaf-1 and Bcl-2 family proteins (13) . We have shown recently that Bcl-2 family proteins target directly the voltagedependent anion channel (VDAC) to regulate apoptotic release of cytochrome c: proapoptotic members such as Bax and Bak stimulate VDAC activity to allow the passage of cytochrome c, whereas antiapoptotic members inhibit the channel (14) . We have also shown that VDAC is required for apoptotic ⌬ loss to occur (14) . VDAC is an abundant outer mitochondrial membrane protein and constitutes the permeability transition pore together with adenine nucleotide translocator and other molecules, which regulates mitochondrial membrane permeability (15, 16) .
Antiapoptotic Bcl-2 family members such as Bcl-2, Bcl-x L , Bcl-w, and Caenorhabditis elegans Ced-9, share sequence homology at the BH (Bcl-2 homology)1, BH2, BH3, and BH4 domains (1) (2) (3) . Mutational and structural analyses have indicated that the BH1 and BH2 domains, and probably the BH3 domain as well, are crucial for dimerization with proapoptotic family members, thereby inhibiting their proapoptotic activity (17) . Some of the Bcl-2 family proteins have been shown to form ion channels in synthetic lipid membranes by using two central helices involving parts of the BH1 and BH2 domains (18) (19) (20) (21) (22) , although the role of channel-forming ability in apoptosis signal transduction still remains unclear. Unlike the BH1, BH2, and BH3 domains, BH4 is conserved only among antiapoptotic Bcl-2 family members, and deletion of BH4 from Bcl-2͞ Bcl-x L has been shown to abrogate their antiapoptotic ability (23) (24) (25) (26) (27) , indicating that BH4 is crucial for this activity. The BH4 domain has been reported to bind with other proteins regulating apoptosis, including calcineurin (28) , Raf-1 (29) , and Ced-4 (27) . It was recently shown that BH4 mutations of Bcl-2 abolish the ability of Bcl-2 to bind to proapoptotic Bax, probably by altering conformation of the hydrophobic cleft composed by BH1, 2, and 3 domains (30), although there was a controversial report that the BH4 domain is not required for binding to Bax (27) . Here, we investigated a possible role of the BH4 domain in the prevention of apoptotic mitochondrial changes by Bcl-2͞Bcl-x L , especially focusing on VDAC regulation.
Materials and Methods Chemicals and
Reagents. An anti-pigeon cytochrome c monoclonal antibody (7H8.2C12) that crossreacted with human and rat cytochrome c was kindly provided by E. Margoliash (University of Illinois, Chicago, IL). An anti-human VDAC (porin) monoclonal antibody (31HL) that crossreacted with rat VDAC was obtained from Calbiochem. Anti-human Bcl-x L polyclonal antibodies (L19 specific for amino acids 193-212 and S18 specific for amino acids 2-19) and anti-human Bcl-x L monoclonal antibody were from Santa Cruz Biotechnology and Wako Biochemicals (Osaka), respectively. Hydroxyapatite and celite were obtained from Bio-Rad and Roche (Basel, Switzerland), respectively. Diisopropylcarbodiimide͞1-hydroxybenzotriazole-activated fluorenylmethoxycarbonyl-protected amino acids were purchased from Genzyme-Syena. Other chemicals were obtained from Wako.
which was used to monitor DNA transfection. Then transfected cells were treated with VP-16 for 24 h. After staining with 1 M Hoechst 33342, the extent of apoptosis was calculated as the percentage of GFP-positive cells with nuclear fragmentation relative to all GFP-positive cells.
In the case of decay-accelerating factor (DAF) expression, HeLa cells were transfected for 24 h with the expression plasmids (0.1 g each) for human Bcl-x L or its mutant derivative together with 0.1 g of the DAF expression construct (pUC-CAGGS-DAF) (32) . After 24 h, cells were stained with anti-human DAF antibody and FITC-conjugated anti-mouse IgG for 1 h. Then DAF-positive cells were collected by using a cell sorter [FACSVantage (Beckton Dickinson)], and expression of DAF and Bcl-x L was assessed by a flow cytometer. DAF-positive cells sorted as described above were treated with 200 M of VP-16 for 24 h. At the indicated time, cells were treated with 10 M digitonin for 10 min at 37°C, and the supernatant and pellet were separated by centrifugation. The amount of cytochrome c was estimated by Western blot analysis by using anti-pigeon cytochrome c antibody.
Protein Purification. Human Bcl-x L and its mutants were expressed as glutathione S-transferase (GST)-fusion proteins in Escherichia coli strain DH5␣ and purified by using a glutathioneSepharose column. Then these proteins were released from GST by cleavage with thrombin. Human His-tagged Bax were produced as described (12, 14) . The purified proteins were dissolved in a buffer composed of 20 mM Tris⅐Cl (pH 7.4), 2 mM MgCl 2 , and 1 mM DTT. Mock control proteins were prepared by using GST protein from an empty vector. Rat liver VDAC was purified as described previously (14) . This VDAC showed a single band on SDS͞PAGE.
Synthesis of Polypeptides.
Peptides were synthesized with a Model 396 Multiple Peptide Synthesizer (Advanced ChemTech) by using diisopropylcarbodiimide͞1-hydroxybenzotriazole-activated, fluorenylmethoxycarbonyl-protected amino acids. The purity of each peptide was determined to be 95% by matrixassisted laser desorption ionization-time of flight mass spectrometry. The peptides synthesized were as follows: human Bcl-x L BH4 (amino acids 4-23): SNRELVVDFLSYKLSQK-GYS and its mutants described in Fig. 5A , human Bcl-2 BH4 (amino acids 7-30): TGYDNR EIVMKYIHYKLSQRGYEW, human Bak BH4 (amino acids 27-50): VAQDTEEVFRS YV-FYRHQQEQEAE. Bcl-x L N-terminal (amino acids 2-19) and C-terminal (amino acids 193-212) peptides were purchased from Santa Cruz Biotechnology.
Synthetic peptide TAT-PTD, corresponding to the protein transduction domain (PTD) of HIV TAT (49-57 aa), was synthesized with an eosin-conjugated cysteine residue at the N terminus (eosin-C-RKKRRQRRR). TAT-PTD-BH4 peptides (designated TAT-BH4) were produced by joining eosin-labeled TAT-PTD peptide and human Bcl-x L BH4 peptide through ␤-alanine residue.
Measurement of Mitochondrial Biochemical Parameters. Rat liver mitochondria (1 mg protein͞ml) isolated as described (33) were incubated at 25°C in the medium containing 0.3 M mannitol, 10 mM Hepes͞K ϩ (pH 7.4), 0.1% fatty acid-free BSA, 1 mM potassium phosphate, 40 M CaCl 2 , and 4.2 mM succinate as respiratory substrate together with or without recombinant proteins. ⌬ was assessed by measuring the uptake of rhodamine 123 (Rh123) as described (33) . For detection of cytochrome c release, mitochondria were spun and the pellet was resuspended in RIPA buffer (0.15 mM NaCl͞0.05 mM Tris⅐HCl, pH 7.2͞1% Triton X-100͞1% sodium deoxycholate͞0.1% SDS). The supernatant and the resuspended mitochondria were then subjected to Western blot analysis by using anticytochrome c antibodies.
Immunoprecipitation and Western Blot Analysis. Purified VDAC (20 g͞ml) was incubated with 20 g͞ml of rBcl-x L and r⌬BH4 (lacking amino acid residues 3-23) in the lysis buffer containing 10 mM Hepes, pH 7.4, 142.5 mM KCl, 5 mM MgCl 2 , 1 mM EGTA, and 0.5% Nonidet P-40 in the presence of proteinase inhibitors (0.1 mM p-amidinophenylmethanesulfonyl fluoride, 10 g͞ml aprotinin, 1 g͞ml chymostatin, 1 g͞ml leupeptin, 1 g͞ml antipain, 1 g͞ml pepstatin) for 1 h. Immunoprecipitation was performed with anti-Bcl-x L (L19) antibody recognizing the C-terminal region of Bcl-x L and normal rabbit IgG as a negative control. Immune complexes were captured by protein G-Sepharose and washed four times. For immunoprecipitation experiments with whole cells, we used dimethyl-3,3Ј-dithiobispropionimidate⅐2HCl as a protein crosslinker (12) . By using lipofectamine, Cos7 cells were transfected for 24 h with the expression plasmid (2.0 g) for human Bcl-x L or its ⌬BH4 mutant together with 2.0 g of the expression plasmid for human VDAC. Then cells were washed twice with PBS and incubated with 2 mM DTBP in PBS for 30 min. After washing three times with PBS, cells were lysed, sonicated, and immunoprecipitated in the same way as the purified protein. To detect interactions between oligopeptides and VDAC, isolated mitochondria (1 mg) were incubated with 20 g of the Bcl-x L N-terminal and Cterminal oligopeptides for 5 min. Then the mitochondria were pelleted, washed, and resuspended in the lysis buffer, followed by sonication. Immunoprecipitation was performed with antiBcl-x polyclonal antibodies that had epitopes corresponding to the oligopeptides used. Coimmunoprecipitation of VDAC was detected by Western blotting by using an anti-VDAC antibody.
Reconstitution of VDAC in Liposomes.
Purified VDAC was reconstituted in small unilamelar vesicles by the sonic freeze-thaw procedure described previously (14) . A sucrose import experiment was performed by assessing liposomal swelling. Liposomes (10 l) produced at pH 5.2 (acidic pH was required for efficient incorporation of rBcl-x L and rBax into the liposomes) were incubated in 1 ml of the liposome medium together with rBcl-x L , its mutants, rBax, or oligopeptides for 3 min at 25°C. Then sucrose was added to 50 mM, and liposomal swelling was assessed by the decrease of light scatter at a wavelength of 520 nm by using a spectrophotometer (F-4500; Hitachi, Tokyo). Sucrose import was also estimated from [ 14 C]sucrose uptake as described (14) .
Results
The BH4 Domain Is Crucial for the Prevention of Apoptotic Mitochondrial Changes by Bcl-xL. The BH4 domain has been shown to be essential for the antiapoptotic activity of Bcl-2͞Bcl-x L (23) (24) (25) (26) (27) . As shown in Fig. 1A , we confirmed this observation by using HeLa cells transfected with DNA for Bcl-x L and its BH4 deletion mutant (⌬BH4; lacking amino acid residues 3 to 23). Because Bcl-2͞Bcl-x L prevents apoptosis by blocking apoptotic mitochondrial changes, we investigated whether the BH4 domain is required for Bcl-2͞Bcl-x L to prevent apoptotic mitochondrial changes. HeLa cells were transiently transfected with an expression construct for Bcl-x L , ⌬BH4, or the empty vector together with an expression construct for DAF. Cell surface expression of DAF was used to identify cells transfected with the DNAs, and these cells were collected by using a flow cytometer. By this method, we obtained DAF-positive cells at a purity of more than 93% (Fig.1B) , and nearly all DAF-positive cells expressed Bcl-x L or ⌬BH4 at a comparable level (Fig. 1B) . The collected cells were treated with VP-16, and cytochrome c release was examined. As shown in Fig. 1C , overexpression of Bcl-x L but not ⌬BH4 prevented cytochrome c release from the mitochondria after VP-16 treatment, indicating the BH4 domain was required to inhibit apoptotic cytochrome c release. Consistently, by using isolated mitochondria, recombinant Bcl-x L (rBcl-x L ) prevented both Ca 2ϩ -induced mitochondrial ⌬ loss and cytochrome c release, whereas recombinant ⌬BH4 (r⌬BH4) showed virtually no activity (Fig. 2) . Similar results were also obtained when mitochondria were subjected to other apoptotic stimuli, such as atractyloside and hydrogen peroxide (data not shown).
Requirement of the BH4 Domain for Inhibition of VDAC Activity. We have recently shown that Bcl-x L directly binds to VDAC and inhibits the activity of this channel, leading to inhibition of apoptotic cytochrome c release and ⌬ loss (14) . The interaction between Bcl-x L and VDAC was also detected in cells (14) . Therefore, we examined the role of the BH4 domain in VDAC regulation. First, we tested the effect of deletion of the BH4 domain on the interaction between Bcl-x L and VDAC. As shown in Fig. 3A , coimmunoprecipitation analysis revealed that Bcl-x L and ⌬BH4 interacted with VDAC to a similar extent in in vitro and in vivo, suggesting that the BH4 domain was not important for binding between Bcl-x L and VDAC. We next examined the functional role of the BH4 domain in regulating VDAC activity. We measured VDAC activity by assessing sucrose uptake into VDAC-containing liposomes, by using two procedures: one with radiolabeled sucrose as described (14) and the other to measure swelling of the liposomes caused by sucrose uptake that was monitored by decrease of light scatter (Fig. 3B) . Liposomal swelling by sucrose uptake was confirmed by microscopic observation or f low cytometric analysis (data not shown), and thought to be secondary to the rapid inf lux of sucrose and water through large VDAC pores, which overwhelmed the osmosis-dependent eff lux of water. VDAC liposomes developed swelling in the presence of sucrose, whereas plain liposomes and heat-denatured VDAC Requirement of the BH4 domain of Bcl-xL for preventing Ca 2ϩ -induced loss of ⌬ and cytochrome c release from isolated mitochondria. Rat liver mitochondria (1 mg͞ml) were incubated with 20 g͞ml of recombinant (r)Bcl-x L, r⌬BH4, or mock protein together with 40 M Ca 2ϩ and assessed for ⌬ by using Rh123 (A) and for the cytochrome c level in supernatant (sup) and mitochondrial (pt) fractions after incubation for 15 min (B). Data are representative of three independent experiments. ''total'' represents the total amount of cytochrome c release by 1% Triton-X100. liposomes did not show swelling (Fig. 3B) , indicating that sucrose uptake was mediated by VDAC. As shown in Fig. 3 C and D, addition of rBcl-x L to VDAC liposomes inhibited VDAC-mediated sucrose uptake in a dose-dependent manner, confirming our previous observations (14) , whereas r⌬BH4 did not affect VDAC activity, indicating that BH4 was required for inhibition of VDAC by Bcl-x L . Similar results were also obtained when VDAC activity was directly measured by assessing the inf lux of radiolabeled sucrose (Fig. 3E) . These results indicated that the BH4 domain is required for Bcl-x L to inhibit VDAC activity, although it does not significantly inf luence binding to VDAC.
The BH4 Domain of Bcl-xL Is Sufficient to Inhibit VDAC Activity. To elucidate the role of the BH4 domain in inhibiting VDAC activity, an oligopeptide corresponding to this domain of Bcl-x L (residues 4-23) was added to VDAC liposomes. As shown in Fig.  4A , the BH4 oligopeptide inhibited VDAC activity in a concentration-dependent manner. The increase of light scatter in the presence of 20 g͞ml BH4 peptide (Fig. 4A) was because of osmosis-dependent shrinkage of VDAC liposomes after complete closure of VDAC by the peptide. The BH4 peptide from Bcl-2 also inhibited VDAC activity (Fig. 4B) . On the other hand, a corresponding peptide from Bak was inactive (Fig. 4B) . The BH4 peptides from Bcl-2 and Bcl-x L showed no significant effect on plain liposomes (data not shown). We have recently shown that Bax and Bak enhance the activity of VDAC, and this effect is antagonized by Bcl-x L (14) . As shown in Fig. 4C , the BH4 peptide inhibited the rBax-induced enhancement of VDAC activity in a dose-dependent manner. Because the BH4 peptide of Bcl-x L did not bind to Bax (data not shown), these results also indicated that the antagonistic effect of rBcl-x L and Bax on VDAC is not because of the formation of heterodimers, but because of their independent actions. Although the VDACliposome experiments were generally carried out at an acidic pH that facilitated the insertion of rBcl-x L into membranes as described previously (14), virtually identical results were obtained by using the oligopeptides at a neutral pH (data not shown). Consistent with the inhibition of VDAC by the BH4 peptide of Bcl-x L , the interaction between the N-terminal fragment of Bcl-x L (amino acids 2 to 19) with VDAC ( Fig. 4D) was detected, although to a lesser extent, by comparing with rBcl-x L . Because Bcl-x L binds mainly to VDAC at some region(s) other than BH4 (Fig. 3A) , other regions may enhance the activity of BH4, probably by increasing affinity and͞or accessibility to VDAC or by facilitating proper folding of BH4 domain. These results indicated that the BH4 domain of antiapoptotic Bcl-2 family members was sufficient to inhibit VDAC activity.
Some of the conserved residues of the BH4 domain, such as L 8 V 9 and F 12 of Bcl-x L (Fig. 5A) , were reported to be crucial for the antiapoptotic activity of Bcl-2͞Bcl-x L (26), which was confirmed by our hands (Fig. 5B and data not shown) . To assess the role of these conserved residues in the inhibition of VDAC by the BH4 domain, we produced several BH4 mutant oligopeptides and proteins ( (V10G͞ D11G) inhibited VDAC less efficiently than did wild type (Fig.  5D) , consistent with weaker antiapoptotic activity of Bclx L V10G͞D11G (Fig. 5B) . Furthermore, oligopeptides with a single amino acid substitution at D 11 (D11G) and at L 17 (L17W), respectively, showed about 70% and half of the VDAC inhibitory activity of the normal BH4 peptide, also consistent with the reduced antiapoptotic activity of corresponding mutant Bcl-x L proteins as described previously (27) . These results suggested that the antiapoptotic function of Bcl-x L was mediated by its inhibition of VDAC activity.
The BH4 Domain Alone Can Prevent Apoptotic Changes of Isolated
Mitochondria. The results described above raised the possibility that this BH4 peptide alone might have the ability to prevent apoptotic mitochondrial changes. As shown in Fig. 5 E and F , the BH4 peptide of Bcl-x L significantly prevented Ca 2ϩ -induced ⌬ loss, although only at a molar concentration about 25-fold higher than that of recombinant Bcl-x L , consistent with our notion that other regions besides BH4 may increase the accessibility to VDAC or enhance proper folding of BH4. Note that some BH1 and BH2 mutations of Bcl-2͞Bcl-x L , which influence the antiapoptotic activity, indeed affect the ability of Bcl-2͞Bcl-x L to bind to VDAC (14) . The BH4 peptide of Bcl-x L also prevented Ca 2ϩ -induced cytochrome c release (data not shown). Furthermore, all of the BH4 mutant peptides and mutant rBcl-x L showed their respective ability to prevent mitochondrial ⌬ (Fig. 5 E and  F) in proportion to their ability to inhibit VDAC activity (Fig. 5  C and D) . These results indicated that the BH4 domain of antiapoptotic Bcl-x L has an intrinsic ability to prevent apoptotic mitochondrial changes, which was in parallel to the ability to inhibit VDAC activity.
The BH4 Domain Alone Can Prevent Apoptotic Cell Death. We tested further the possibility that the BH4 peptide might have the ability to prevent apoptosis. To facilitate the transport of the The mitochondrial lysates were subjected to immunoprecipitation with an anti-Bcl-x L antibody (S18) (␣-NBcl-xL), the epitope of which corresponded to amino acids 2-19, and with L19 antibody (␣-CBcl-x L), the epitope of which corresponded to amino acids 193-212. Normal rabbit IgG was used as a control. Immune complexes were analyzed by Western blotting by using anti-VDAC antibody.
BH4 peptide into cells, we synthesized the TAT-BH4 peptides of 30 amino acid residues as described in Materials and Methods, which contained the N-terminal eosin-labeled cysteine plus the PTD of HIV TAT protein (amino acids 49 to 57) fused to the Bcl-x L BH4 peptide. The TAT-PTD is known to facilitate the delivery of proteins into cells in a rapid concentration-dependent manner (34, 35) . Fig. 6A shows that the TAT-BH4 peptide added into culture media entered the cells with a transfection efficiency of roughly 90%. Costaining of the transfected cells with mitotracker revealed that TAT-BH4 peptide was localized mainly at the mitochondria (data not shown). As shown in Fig. 6 A-C, the TAT-BH4 peptide, but not the TAT-only peptide, significantly prevented the VP-16-induced apoptosis in a concentrationdependent manner. The BH4 peptide showed no effect on VP-16-induced apoptosis (data not shown), most likely a result of inefficient delivery of the peptides into cells. These findings indicated that BH4 was sufficient to prevent apoptotic cell death.
Discussion
The BH4 domain is well conserved by antiapoptotic members of the Bcl-2 family (1). Although proapoptotic members, such as Bax and Bak, also contain a recognizable BH4-like domain, their homology is considerably lower (36) . Furthermore, because replacement of the BH4 domain of Bcl-2 by the Bax BH4 domain abolishes the antiapoptotic activity of Bcl-2 (27) , the BH4 domain of antiapoptotic Bcl-2 family members seems to be functionally distinct from that of proapoptotic family members. It has previously been reported that the BH4 domain is essential for the antiapoptotic activity of Bcl-2͞Bcl-x L (23) (24) (25) (26) (27) . On the basis of the binding of BH4 to Ced-4 (27), BH4 has been suggested to sequester Apaf-1, thereby inhibiting caspase activation, but the physiological role of Bcl-2͞Bcl-x L to sequester Apaf-1 has recently been questioned, on the basis of failure to detect stable interaction between Bcl-2 family proteins and Apaf-1 (13) . In the present study, we showed that BH4 is essential for Bcl-2͞Bcl-x L to prevent apoptotic mitochondrial changes in cells as well as in isolated mitochondria.
We have recently shown that the VDAC is required for apoptotic mitochondrial changes such as ⌬ loss and cytochrome c release, which are inhibited by Bcl-x L through its direct closure of VDAC (14) , although the detailed mechanisms remained to be elucidated. Here we extended our study and found that the functional domain of Bcl-x L involved in inhibiting VDAC activity is the BH4 domain. The BH4 peptide could prevent apoptotic ⌬ loss in isolated mitochondria and could directly inhibit VDAC in liposomes, although only at a molar concentration about 25-fold higher than that of Bcl-x L protein (Figs. 3D and 4A) . Thus, BH4 seems to have an intrinsic ability to prevent apoptotic mitochondrial changes and to inhibit VDAC. Mutational analysis of the BH4 domain revealed that three activities, (i) to inhibit VDAC activity on liposomes, (ii) to prevent apoptotic changes of isolated mitochondria, and (iii) to prevent apoptosis, are all linked, strongly suggesting that closure of VDAC by Bcl-x L via the BH4 domain underlies the antiapoptotic activity of Bcl-x L via preventing apoptotic mitochondrial changes. The interaction between Bcl-x L and VDAC is mainly through some region(s) other than BH4, although the BH4 domain makes only a minor contribution to binding to VDAC, so other regions might enhance the activity of BH4, probably by increasing affinity and accessibility to VDAC or by stabilizing the functional structure. These results probably imply that the channel-forming activity of Bcl-2͞Bcl-x L is not essential for their antiapoptotic activity per se. Our observation that closure of VDAC by the BH4 domain of Bcl-2͞Bcl-x L underlies their activity to prevent apoptotic mitochondrial changes certainly does not exclude the possibility that Bcl-2 and Bcl-x L have other distinct activities to prevent apoptosis, such as the activity to heterodimerize with proapoptotic Bcl-2 family members. Although some antiapoptotic Bcl-2 family members do not appear to carry a well-recognized BH4 domain, it is conceivable that they might have a domain with a similar function. For example, Bid does not show a significant homology to Bcl-2͞Bcl-x L ͞Bax except for the BH3 domain, but its threedimensional structure is highly similar to that of Bcl-x L (37, 38) , along with its ability to form an ion channel like Bcl-x L (39) .
How does the BH4 domain inhibit the VDAC? The ␣-helical structure of the BH4 domain seems to be important for this function, because mutations at relatively well-conserved amino acid residues among antiapoptotic members of the Bcl-2 family (amino acid residues 8, 9, 12, 13, and 17 of Bcl-x L ) that are essential for formation of the ␣-helix (18) led to the loss of BH4 function. These five amino acids were predicted to line up on one face of BH4 ␣-helix, which might be required for interaction with proteins as suggested previously (26, 27) . It is of interest to note that the VDAC undergoes a conformational change on binding to mitochondrial targeting sequences such as the N-terminal peptide of subunit IV of respiratory chain complex 4, which also forms an ␣-helix (40) .
We also showed that the BH4 domain fused to the PTD of HIV TAT protein efficiently prevented apoptotic cell death. Consistently, it was observed that Bcl-2 BH4 peptides, although lacking PTD, could prevent fluid percussion trauma-induced hippocampal cell death (41) . BH4 peptides alone had little effect in our system, suggesting that the peptides might somehow be more efficiently transported into hippocampal cells. These results indicate that BH4 of Bcl-2͞Bcl-x L is sufficient for preventing apoptotic cell death and also suggest that the TAT-BH4 peptide is a potentially useful therapeutic agent for diseases caused by accelerated apoptosis.
